This study examined DNA methylation associated with acute lymphoblastic leukemia (ALL) and showed that selected molecular targets can be pharmacologically modulated to reverse gene silencing. A CpG island (CGI) microarray containing more than 3,400 unique clones that span all human chromosomes was used for large-scale discovery experiments and led to 262 unique CGI loci being statistically identified as methylated in ALL lymphoblasts. The methylation status of 10 clones encompassing 11 genes (DCC, DLC-1, DDX51, KCNK2, LRP1B, NKX6-1, NOPE, PCDHGA12, RPIB9, ABCB1, and SLC2A14) identified as differentially methylated between ALL patients and controls was independently verified. Consequently, the methylation status of DDX51 was found to differentiate patients with B-and T-ALL subtypes (P = 0.011, Fisher's exact test). Next, the relationship between methylation and expression of these genes was examined in ALL cell lines (NALM-6 and Jurkat) before and after treatments with 5-aza-2-deoxycytidine and trichostatin A. More than a 10-fold increase in mRNA expression was observed for two previously identified tumor suppressor genes (DLC-1 and DCC) and also for RPIB9 and PCDHGA12. Although the mechanisms that lead to the CGI methylation of these genes are unknown, bisulfite sequencing of the promoter of RPIB9 suggests that expression is inhibited by methylation within SP1 and AP2 transcription factor binding motifs. Finally, specific chromosomal methylation hotspots were found to be associated with ALL. This study sets the stage for acquiring a better biological understanding of ALL and for the identification of epigenetic biomarkers useful for differential diagnosis, therapeutic monitoring, and the detection of leukemic relapse. [Cancer Res 2007;67(6):2617-25] 
Introduction
Acute lymphoblastic leukemia (ALL) arises when B-or T-cell progenitors fail to differentiate into mature cells and is characterized by the rapid proliferation of immature lymphoblasts (1, 2) . Several factors may play a role in leukemogenesis, including chromosomal translocations and genetic or epigenetic modifications that modify the function of a gene or set of genes. Many nonrandom chromosomal translocations are known to modify proliferation, differentiation, apoptosis, and gene transcription in ALL (3) .
The aberrant methylation of gene promoter-related CpG islands (CGI) is an epigenetic modification of DNA that can inappropriately silence or down-regulate gene expression and could have deleterious effects if the targeted genes function as tumor suppressors. However, the mechanisms by which DNA methylation occurs in ALL, when these events occur, and which genes are involved are not wholly understood. It has been established, however, that hematopoietic progenitor cells undergo several molecular changes on interaction with stromal cells, including the up-regulation of DNA methyltransferase 1 (4), which is involved in both the establishment and the maintenance of DNA methylation (5) . Additionally, previous studies, which investigated aberrant methylation in ALL, have associated hypermethylated promoters with prognosis (6), cytogenetic alterations (7), subtype (8) , and relapse (9) . Although the elucidation of the aberrant methylation profiles involved in ALL has been limited by the small number of CGIs analyzed to date, these studies suggest that it is common for multiple promoter CGIs to be aberrantly methylated.
Toward a more global view of the extent to which gene promoter and/or first exon DNA methylation is present in ALL, methylation microarray profiles were developed using a CGI microarray consisting of f9K clones (10) representing more than 3,400 unique sequences spanning all human chromosomes. The patterns of aberrant methylation and mRNA expression levels were independently confirmed in 11 putative candidate genes. Additionally, the chromosomal locations of 262 differentially methylated loci were examined to identify the distribution of genomic regions that were methylated in ALL patients. Although this microarray does not include all of the annotated CGI fragments within the human genome, it has proven to be a valuable discovery tool for elucidating epigenetic mechanisms underlying other cancer types (11, 12) and has been used in this study to generate specific ALL epigenetic profiles and to provide new insights into ALL cell biology.
Materials and Methods
Tissue specimens. Bone marrow samples of patients diagnosed with ALL at the Ellis Fischel Cancer Center (Columbia, MO) were obtained in compliance with the local Institutional Review Board. Leukemic blasts, due to their high proportion, were concentrated to >90% purity using Ficoll density gradient centrifugation. DNA was isolated using the QIAamp DNA Mini kit (Qiagen, Valencia, CA) according to the manufacturer's specifications from 20 specimens: 6 from patients with precursor T-cell ALL, 10 from patients with precursor B-cell ALL, and 4 from healthy donors used as controls. ) and the precursor T-cell ALL cell line, Jurkat, were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) and grown in appropriate medium and resupplemented as necessary with fresh medium. Cells were harvested and DNA was extracted using the QIAamp DNA Mini kit.
Preparation of the CGI microarray. The microarray panel containing 8,640 CGI clones was prepared as described (13) . Amplified PCR products were spotted in the presence of 20% DMSO, on UltraGap slides (Corning Life Science, Acton, MA). The slides were postprocessed immediately before the hybridization using Pronto Universal Microarray Reagents (Corning Life Science). All CGI clones present on the microarray were sequenced recently by the Microarray Centre of University Health Network (Toronto, Ontario, Canada; ref. 14) .
Amplicon development and differential methylation hybridization. Amplicons were generated and differential methylation hybridization (DMH) was done as described previously (10) (11) (12) . Briefly, 2 Ag of genomic DNA were digested with MseI followed by ligation of PCR linkers and digestion with methylation sensitive endonucleases (HpaII and BstUI). PCR was then done to amplify only methylated fragments or fragments containing no internal HpaII or BstUI sites. The amplicons from the ALL and sex-matched normal control sample, which comprised pooled DNA from multiple donors (Promega, Madison, WI), were labeled with Cy5 or Cy3 fluorescence dye, respectively, and cohybridized to a panel of 8,640 short CGI tags arrayed on a glass slide. The slides were scanned with a GenePix 4200A scanner and the signal intensities of the hybridized probes were analyzed using GenePix 5.1 (Molecular Devices Corp., Sunnyvale, CA).
CGI microarray analysis. The 9K chip developed by Huang et al. (10) includes 8,640 MseI fragments. Our method for generating amplicons relies on the presence of BstUI or HpaII recognition sequences; therefore, all of the MseI fragments lacking a recognition sequence were removed from the analysis resulting in a reduction of the number of CGIs analyzed. Because DNA methylation can vary among individuals depending on age or gender and even in different tissue types within the same individual, we reduced the gender-based variability and the variability due to tissue type by comparing each patient sample (16 total) and each normal bone marrow sample (4 total) with peripheral blood DNA from a pool of sex-matched individuals. To determine which clones were differentially methylated between ALL and normal samples, we globally normalized each microarray and then used the nonparametric Kruskal-Wallis test to do an across-array analysis for each probe.
Clone sequences. Sequences of the differentially methylated CGI clones were extracted from a Web site. 4 Next, BLAST searches were done to determine if these clone sequences were associated with the promoter region of known genes and if these regions contained CGIs. Finally, primers were developed for real-time reverse-transcription (RT-PCR) and for PCR of bisulfite-treated DNA using Primer3 (15) and MethPrimer (16), respectively.
Methylation-specific PCR and combined bisulfite restriction analysis. Two micrograms of DNA were treated with sodium bisulfite according to the manufacturer's recommendations (Ez DNA methylation kit, Zymo Research, Orange, CA). Bisulfite-treated DNA was then used as a template for PCR with primers designed using MethPrimer that were specific to the CGI regions of each tested gene. Purified amplicons produced using combined bisulfite restriction analysis (COBRA) primers (Table 1) were restricted with BstU1, TaqaI, or HpyCH4IV according to the manufacturer's recommendations (New England Biolabs, Ipswich, MA). The methylationspecific PCR (MSP) primers (as reported previously; ref. 11) were used in PCR to differentiate methylated and unmethylated sequences in low-density lipoprotein receptor-related protein 1B (LRP1B). Electrophoresis was done using a 3% agarose gel stained with SYBR Green or a 1.5% agarose gel stained with ethidium bromide to visualize COBRA and MSP products, respectively.
Quantitative real-time MSP. Quantitative real-time MSP (qMSP) was done with deleted in liver cancer 1 (DLC-1) primers as described previously (12) . Briefly, 100 ng of bisulfite-treated DNA and ABgene QPCR Mix (ABgene, Inc., Rochester, NY) were used for PCR amplification as recommended by the manufacturer. The reaction was carried out in 40 to 45 cycles using a SmartCycler (Cepheid, Kingwood, TX).
Cell line treatment. The Jurkat (precursor T cell) and NALM-6 (precursor B cell) ALL cell lines were grown in flasks with RPMI 1640 supplemented with 10% fetal bovine serum, L-glutamine, and gentamicin. Treatment was conducted during the log phase of growth with 5-aza-2-deoxycytidine (5-aza) and/or trichostatin A (TSA), whereas the control cells were not treated. Jurkat cells were seeded at 8 Â 10 6 /mL and NALM-6 cells were seeded at 5 Â 10 6 /mL. In culture, TSA was added at a 1 Amol/L final concentration and incubated for 6 h, whereas 5-aza was added at a 1 Amol/L concentration and incubated for 54 and 78 h in Jurkat and NALM-6 (based on different dividing times), respectively, with a medium change every 24 h. The cell culture that received both TSA and 5-aza treatment was first incubated with 5-aza as described previously, which was followed by an additional 6-h incubation with TSA. RNA and DNA from the cultured cells were extracted for use in RT-PCR and COBRA, respectively, using the previously mentioned kits.
Quantitative real-time RT-PCR. Total RNA (2 Ag) from treated and untreated cell lines was pretreated with DNase I to remove potential DNA contaminants and was then reverse transcribed in the presence of SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA). The generated cDNA was used for PCR amplification with appropriate reagents in the reaction mix with SYBR Green and fluorescein (ABgene) as recommended by the manufacturer. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and hypoxanthine phosphoribosyltransferase 1 (HPRT1; ref. 17) were used as the housekeeping genes in the Taqman and SYBR Green realtime RT-PCR assays, respectively. The DLC-1 and GAPDH Taqman probe and primer sets for real-time PCR were purchased from Applied Biosystems Assay-on-Demand services. The reaction was carried out using an iCycler real-time PCR instrument (Bio-Rad Laboratories, Hercules, CA). The cycling conditions included an initial 15 min hot start at 95jC followed by 45 cycles at 95jC for 15 s and 60jC for 1 min. Primers were developed for SYBR Green assays using Primer3 ( Table 1 ). The reactions were carried out using an iCycler. The cycling conditions included an initial 15 min hot start at 95jC followed by 50 cycles at 95jC for 15 s, 58jC for 30 s, and 72jC for 30 s. All samples were analyzed in triplicate and fold changes were determined using the 2 ÀDDC T method (18) .
Bisulfite genomic sequencing analysis. Genomic DNA was treated with sodium bisulfite as described previously. Primer sequences and PCR conditions were as for the previously described COBRA assay. Amplified PCR products for Rap2-binding protein 9 (RPIB9) fragment 1, RPIB9 fragment 2, and protocadherin-c subfamily A member 12 (PCDHGA12) were subcloned using the TOPO-TA cloning system (Invitrogen). Plasmid DNA from 6 to 10 insert-positive clones was isolated using the QIAquick Plasmid Mini Prep kit (Qiagen) and sequenced using an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA).
Statistical methods. The geometric mean was used to summarize average fold changes in all RT-PCR analyses. All hypothesis tests were two sided and conducted at the 5% significance level unless otherwise stated. Statistical analysis was done using SAS 9.1 (SAS Institute, Cary NC) and R (R Foundation for Statistical Computing, Vienna, Austria).
Spearman's nonparametric correlation was used to evaluate the agreement between bisulfite sequencing and COBRA for a given gene. Only loci that could be detected with both technologies were considered. The proportion of methylated clones (based on bisulfite sequencing) for these loci was computed and correlated with an ordinal measure of COBRA methylation defined with three levels: none, partial, and complete. 'None' refers to those cases in which no cuts were observed, 'partial' refers to those cases in which partial banding was observed, and 'complete' refers to those cases in which all possible bands were observed (i.e., the banding pattern matched that of the SssI and bisulfite-treated control).
Despite the fact that more powerful parametric methods exist to detect localized clusters on a chromosome and due to the heterogeneous coverage of loci on the CGI microarray, a nonparametric randomization test was devised and used based on its simplicity and general applicability. Let n k denote the number of loci on the CGI microarray, which are located on chromosome k and let S k V n k denote the number of differentially methylated loci on chromosome k. The locations (bp) of the S k methylated loci on chromosome k are given by x 1 ,. . .,x Sk and the distances between consecutively methylated loci are given by d i = x i + 1 À x i where i = 1,. . .,S k À 1 . For each chromosome, the median of these distances was computed to serve as the test statistic, t*. Chromosomes, which have clustered loci, should have smaller consecutive distances and therefore smaller medians. To determine the null distribution for chromosome k, a random sample of S k loci was drawn from the n k loci with this set of S k loci representing the methylated loci under the null hypothesis of loci methylated at random with respect to chromosomal location. For each sample, the median of the consecutive distances was computed as described previously. This process was repeated 1 million times and the distribution of the 1 million medians formed the distribution of the test statistic under the null hypothesis for each chromosome. The empirical P value was taken as the proportion of the 1 million medians less than the observed test statistic, t*, for each chromosome. Note that our method requires no assumption about the distribution of the n k loci on the CGI microarray. Furthermore, because the null distribution for each chromosome is generated from 1 million random samples of size S k selected from among the n k loci, the spatial density of the loci are implicitly incorporated.
Results
Global methylation profiles in ALL patients. DNA was extracted from bone marrow aspirate obtained from patients at the time of diagnosis and from four healthy donors. The amplicons from primary ALL cells and from the four healthy donors were compared with amplicons generated from a pool of sex-matched normal peripheral blood lymphocyte DNA by cohybridization to a CGI microarray. After global normalization of each microarray, the nonparametric Mann-Whitney test was used in an interarray analysis to identify those CGI clones that were methylated in ALL patient samples but not in the pooled normal control samples. To avoid the inclusion of false-positive loci, only those clones with at least a 1.5-fold difference in the normalized Cy5/Cy3 ratio between patient and pooled normal DNA and present in at least 25% of the ALL samples and in none of the normal bone marrow samples were deemed a methylated locus. Of the 262 differentially methylated loci meeting these criteria, 148 were found within 2,500 bases of a transcriptional start site and 131 were also within 500 bases of an annotated CGI (Supplementary Table S1 ). This set of genes includes RPIB9, which was also reported recently to be methylated in AML patients (19) . RPIB9 overlaps in genomic sequence but is transcribed in the opposite direction to ATPbinding cassette, subfamily B, member 1 (ABCB1), which has been shown previously to be aberrantly methylated in ALL patients (20) . The set also contains genes that are aberrantly methylated in other malignancies, including deleted in colorectal carcinoma (DCC), DLC-1, and LRP1B (21-23).
Validation of microarray results. Results of the CGI microarray experiments were validated either by COBRA, MSP, or qMSP by verifying the presence of methylation in 10 clones encompassing 11 candidate genes in these patient samples and also in the 4 ALL cell lines. The genes chosen for validation were not chosen based on fold differences but were chosen to cover the spectrum of genes meeting the set criteria and included genes that were methylated in 31.3% to 75% of the patients according to DMH. MSP and qMSP assays were developed previously in our laboratory to study promoter methylation in LRPIB and DLC-1, respectively. All other validations were conducted using COBRA. Cell line gel images were analyzed and samples were scored as methylated (Fig. 1B, gray  blocks) , unmethylated (Fig. 1B, white blocks) , or partially methylated (Fig. 1B, hatched blocks) . The results for the cell line studies varied, with methylation detected for all of the candidate genes in NALM-6 (3), 80% in Jurkat (1), 80% in MN-60 (2), but only 20% in SD-1 (4; Fig. 1A and B) . The percentage of patients for which candidate gene CGI methylation was detected ranged from 43.8% for DEAD box peptide 51 (DDX51) to 100% for NK6 transcription factor related, locus 1 (NKX6-1; Fig. 1B) . In all instances except one (DDX51), validation revealed a higher number of methylated patients than indicated by the DMH results at the 1.5-fold cutoff.
Examination of the effects of gene promoter demethylation in vitro by RT-PCR. To determine whether the promoter methylation detected in the validated gene set was responsible for the down-regulation of these genes, we examined the in vitro effects of treatment with a demethylating agent (5-aza) and a histone deacetylase inhibitor (TSA) both individually and in combination in a B-ALL cell line (NALM-6) and a T-ALL cell line (Jurkat) using RT-PCR. There was little to no mRNA detected for 9 of the 11 genes [except DDX51 and solute carrier family 2, member 14 (SLC2A14)] in the untreated (control) NALM-6 cell line ( Fig. 2A ) and in 7 of the 11 genes (except DDX51, DLC-1, RPIB9, and SLC2A14) in the untreated Jurkat cell line (Fig. 2B) . Overall, there was an increase in mRNA expression post-treatment in both cell lines. However, the post-treatment increase in mRNA expression was >10-fold for ABCB1, DCC, DLC-1, PCDHGA12, and RPIB9 in the Jurkat cell line and for DCC, DLC-1, PCDHGA12, and RPIB9 in the NALM-6 cell line. All examined mRNAs were expressed in normal bone marrow with the exception of NKX6-1 (data not shown). In general, we observed an inverse relationship between promoter methylation and mRNA expression in the interrogated genes.
Bisulfite sequencing of PCDHGA12 and RPIB9/ABCB1. To gain insight into mechanisms responsible for the silencing of two genes and to further investigate the methylation status of these genes, we did bisulfite sequencing of the first exon of PCDHGA12 and of the predicted promoter and the first exon of RPIB9 (this region is also located within the first intron of ABCB1) in ALL cell lines and patient samples (Fig. 3A) . These regions were chosen because (a) they harbor the clone sequences interrogated on the 9K CGI microarray used in the DMH experiments; (b) they include transcription factor binding motifs located within the putative promoter of RPIB9; and (c) these genes had substantial increases in mRNA expression after treatment with a demethylating agent. For each gene, we collected sequencing data for two cell lines (NALM-6 and Jurkat) and three patient samples (RPIB9: B10, T2, and B5; PCDHGA12: B3, T3, and B4) determined to be positive for methylation according to COBRA and one cell line (SD-1) and one patient sample (RPIB9: T5; PCDHGA12: B1) determined to be negative for methylation according to COBRA. Consistent with the Figure 1 . A, gel images and summary of results of methylation present in 10 CGI clones associated with 11 genes (DLC-1 was validated using qMSP; therefore, no gel images are available) in four ALL cell lines. 1, Jurkat; 2, MN-60; 3, NALM-6; 4, SD-1; N, bisulfite-treated normal PBL DNA; P, SssI and bisulfite-treated normal PBL DNA; L, ladder. The gel images above the solid line are the results of COBRA analysis and the gel images below the solid line are the results of MSP. LRP1B m: assay for methylated allele; LRP1B u: assay for unmethylated allele. B, validation summary of methylation present in 10 CGI clones associated with 11 genes identified by the DMH analysis in 4 ALL cell lines (1, Jurkat; 2 , MN-60; 3 , NALM-6; 4 , SD-1), a negative control (N , normal peripheral blood DNA), a positive control (P, SssI-treated normal peripheral blood DNA), 10 B-ALL patients (B1-B10 ), 6 T-ALL patients (T1-T6 ), and 4 normal controls (BM1-BM4). DLC-1 was validated by real-time qMSP assay, LRP1B was validated by qMSP, and the remaining genes were validated by COBRA. Analysis of gel images (see A ) resulted in scoring a sample as methylated (gray blocks ), partially methylated (hatched blocks ), or not methylated (white blocks). Column, gene; row, sample.
COBRA results, these genes had significant DNA methylation in NALM-6; Jurkat; patients B3, T3, and B4 (PCDHGA12); and patients B10, T2, and B5 (RPIB9) and little or no methylation in SD-1, normal bone marrow, patient B1 (PCDHGA12), and patient T5 (RPIB9; Fig. 3B ). The proportions of methylated clones detected by bisulfite sequencing and the samples that were considered methylated by the COBRA assays were positively correlated for both PCDHGA12 (r = 0.68; P = 0.022, one-sided hypothesis) and RPIB9 (r = 0.87; P = 0.001, one-sided hypothesis).
Physical mapping of methylated loci reveals methylation ''hotspots.'' The total number of unique CGI loci represented on the microarray was determined by merging clones with overlapping sequences into individual loci. First, each clone sequence was examined for the presence of BstUI and/or HpaII restriction sites. Only those clones with at least 50 bp of sequence that could be unambiguously aligned to the human genome sequence (chromosomes 1-22; X or Y) and which contained at least one restriction site were used for this process. Merging overlapping clones resulted in 3,435 unique CGI loci spanning all of the autosomes, the X and Y chromosomes ( Table 2 ). These loci include regions of the genome that are found in proximity to known genes and annotated CGIs and also regions that are not. The reduction of unique loci reported in this study compared with the 4,564 originally reported by Heisler et al. (14) can be attributed to the more stringent inclusion criteria used in this study. The 3,435 unique loci, which include the 262 differentially methylated candidate loci detected by DMH, were mapped according to their chromosomal locations using MapChart (24) to examine the nature of their physical distribution within the genome (Fig. 4) . This process revealed that the unique loci represented on this microarray are distributed across all chromosomes, albeit with a sparse representation on the Y chromosome, centromeric regions, and nucleolar organizing regions, which is consistent with the observations of others (14, 25, 26) . The genomic distribution of the loci that are hypermethylated in ALL is not random across the f3.5K possible chromosomal sites represented on the Figure 2 . Change in mRNA expression in NALM-6 and Jurkat cell lines following treatment with a demethylating agent and a histone deacetylase inhibitor. ABCB1, RPIB9, PCDHGA12, DCC, KCNK2, NOPE, NKX6-1, LRP1B, DDX51 , and SLC2A14 expression levels were measured using SYBR Green assays. DLC-1 expression levels were measured using Taqman assays. A, NALM-6 mRNA relative expression levels in 11 candidate genes. microarray. The nonparametric test for chromosomal clustering of loci methylated in ALL was significant for chromosomes 11 (P = 0.043), 18 (P = 0.044), and 19 (P = 0.009).
Discussion
Despite the inherent biases associated with the methods used in this study, we present an initial global view of the ALL epigenome by providing a low-resolution map of the DNA methylation present within the ALL methylome. Further studies, using whole-genome technologies, will provide a more comprehensive view of the ALL methylome and should be considered. We have identified 262 aberrantly methylated loci, which include genes involved in a variety of important cellular processes, including transcription, cell growth, nucleotide binding, transport, apoptosis, and cell signaling (27) . Many of these genes are novel discoveries that have not been associated previously with aberrant methylation in ALL or in other malignancies. Aberrant methylation was confirmed in ABCB1, DCC, DDX51, DLC-1, potassium channel, subfamily K, member 2 (KCNK2), LRP1B, NKX6-1, likely orthologue of mouse neighbor of Punc E11 (NOPE), PCDHGA12, RPIB9, and SLC2A14. The methylation patterns detected in these genes suggest their usefulness as potential biomarkers for ALL. Of particular interest is the usefulness of DDX51 for distinguishing between B-and T-cell ALL cases (P = 0.011, Figure 3 . Methylation maps of RPIB9/ABCB1 and PCDHGA12. A, genomic region encompassed by differentially methylated CGI. Left, the CGI encompassing the predicted promoter, first exon, and a portion of the first intron of RPIB9 (this region is also contained within the first intron of ABCB1 ); right, the CGI located solely within the first exon of PCDHGA12 . The CGI is indicated at the top of each image with a heavy black line. Next is a depiction of exon 1 for both genes with the 5 ¶-untranslated region (thinner gray box ) and the coding portion of exon 1 (thicker black box ). The thin line represents genomic sequence upstream and downstream of exon 1 with the scale represented with a black bar and 200 bp (RPIB9 ) and 300 bp (PCDHGA12 ). The thick numbered black lines below each gene represent the genomic regions for which we collected bisulfite sequencing data. Two regions were sequenced from the RPIB9/ABCB1 CGI and one region was sequenced from the PCDHGA12 CGI. The small black line below RPIB9 fragment one represents the location of the predicted promoter sequence with AP2, SP1, and TATA binding motifs indicated in bold letters. B, bisulfite genomic sequencing. One normal bone marrow sample, one Sss I-treated normal PBL DNA sample, three ALL cell lines (SD1, NALM6, and Jurkat), and four primary tumor DNA samples (RPIB9 : B5, B10, T2, and T5; PCDHGA12 : B1, B3, B4, and T3) were bisulfite converted and sequenced for two regions in RPIB9/ABCB1 and one region in PCDHGA12 . Primary tumor samples beginning with a B are from patients with B-cell ALL and primary tumor samples beginning with a T are from patients with T-cell ALL. Cytosines present within the AP2 (*, arrow ) and SP1 (**, arrow ) transcription factor binding sites.
Fisher's exact test). Treatment of ALL cell lines with a demethylating agent alone or in combination with a histone deacetylase inhibitor in vitro resulted in an increase in the expression of these genes, supporting their biological relevance in ALL. Although the explicit roles of these genes in the pathobiology of ALL remain unknown, the epigenetic profiles generated in this study may provide insights toward an improved understanding of ALL and should stimulate further investigations into the roles of these genes in cancer.
Of the validated candidate genes, ABCB1, RPIB9, and PCDHGA12 have functions that may be related to patient response to chemotherapy or to the etiology of ALL. It has been shown recently that hypomethylation of the ABCB1 promoter leads to multidrug resistance (28) , although methylation of this promoter is associated with the down-regulation of gene expression in ALL (29) . The function of RPIB9 has yet to be confirmed but it likely acts as an activator of Rap, which allows B cells to participate in cell-cell interactions and contributes to the ability of B-lineage cells to bind to bone marrow stromal cells, which is required for B-cell maturation (30) and is thought to be important in B-cell ALL (31) . Likewise, the function of PCDHGA12 is presently unknown; however, an association between promoter methylation and gene silencing has been shown recently in astrocytomas for another member of this family, PCDHGA11 (32) . Bisulfite sequence analysis of these genes, including the putative promoter and first exon of RPIB9 (this region also overlaps the first intron of ABCB1) and the first exon of PCDHGA12, provided insight into mechanisms that might be responsible for the low levels of mRNA expression observed in the NALM-6 and Jurkat cell lines. Methylation of transcription factor binding sites (SP1 and AP2) located in the promoter of RPIB9 may inhibit the binding of the SP1 and/or the AP2 transcription factor(s), thereby controlling its transcriptional regulation. In addition, the dense methylation observed in both fragments may contribute to the down-regulation of both RPIB9 and PCDHGA12 by rendering the chromatin structure inaccessible to the transcription machinery. An intriguing but unanswered question is why gene promoter methylation seems to manifest in a nonrandom fashion in cancers. Methylation patterns are specific to cell or tumor types and even to subtypes within the same tumor category. In addition to revealing methylation patterns specific to ALL, we identified genomic hotspots, which harbor an overabundance of methylated loci. In particular, we show that the methylated loci on chromosome 19 tend to be aggregated in a methylation hotspot toward the telomere of the q arm. Others have reported the aberrant methylation of NES-1 in ALL (33) , which is also located within this aggregate of methylated loci on chromosome 19 (but not present on the CGI microarray used in this study). Given that the statistical analysis used herein considered only the loci present on the chip versus those loci that were differentially methylated in ALL, the hotspot detected is not a reflection of the extraordinarily high density of genes present on chromosome 19. Notably, the zincfinger genes look as if they are overrepresented; however, this is likely an artifact due to the clustering of gene family members within a region of HSA19 that seems to be a methylation target (34, 35) . Interestingly, this region also harbors the maternally imprinted genes IMP01, PEG3, and ZIM2. Given that it has been shown that de novo methylation targets the promoters of imprinted genes in stressful situations, such as tumorigenesis (36), we cannot help but speculate that this imprinted region of chromosome 19 might be a target for de novo methylation in ALL.
It is apparent that certain regions of the genome are targeted for methylation and that these targets vary with cancer type. What is not clear is the mechanism that is responsible for the disease-specific targeting of methylated loci. We hypothesize that just as unique chromosomal translocations are associated with specific malignancies, unique targeted chromosomal methylation hotspots are also associated with specific malignancies, such as ALL. However, because translocations are likely a direct result of genomic instability, which is associated with hypomethylation and not hypermethylation, we would expect alternate genomic regions to be prone to the phenomenon of targeted methylation. This hypothesis is corroborated in this study given that the genomic regions associated with the most commonly reported translocations in ALL (ABL, 9q34; BCR, 22q11; TEL, 12p13; AML, 21q22; ENL, 19p13; MLL, 11q23; and AF-4, 4q21) are not densely methylated with the exception of 12p, which is also associated with allelic loss in ALL. Other regions of the genome that commonly experience allelic loss in ALL include 9p, 20q, 5p, 10p, 6q, and 17p, none of which was identified to harbor an overabundance of methylated loci in this study.
Finally, the concept of intranuclear chromosomal territories and loops of chromatin that may interact functionally (reviewed in ref. 37 ) is noteworthy and suggests that the proximity of chromosomal regions within the nucleus might facilitate the spreading of methylation. This is particularly interesting because hypermethylated gene promoters tend to be aggregated within the genome of cancer cells (38) , the spreading of epigenetic events and of gene silencing are known to occur (39) , chromosomes colocalize temporally in resting and activated B cells (40) , and in some instances, nuclear architecture is thought to affect several processes, including epigenetic mechanisms (41, 42) . Although this mechanism is purely speculative, the existence of nonrandom patterns of methylation in ALL is intriguing and warrants further investigation. We propose that it is time to begin the study of the epigenetic geography of tissues, cells, chromosomes, and genes to better understand their contribution to the aberrant epigenetic events observed in cancer and disease.
